Background: Systemic inflammation after prolonged cardiopulmonary bypass (CPB) can cause serious multiorgan system dysfunction. Mesenchymal stem cells (MSCs) are reported to reduce inflammation and attenuate immune response. We have focused on fetal membrane (FM) as a source to provide a large number of MSCs (FM-MSCs). Allogeneic administration of FM-MSCs has been reported to mitigate autoimmune myocarditis or glomerulonephritis. The aim of this study was to investigate whether allogeneic FM-MSCs attenuate systemic inflammatory responses and lung injury in a rat CPB model.
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Cardiac surgeries with cardiopulmonary bypass (CPB) are known to be associated with severe inflammation that can lead to postoperative complications. A prospective observational study found that inflammatory cytokines such as tumor necrosis factor-a (TNF-a) and interleukin (IL)-6 have the potential to serve as predicting factors of organ dysfunction. 1 In particular, cytokine-mediated acute lung injury is a well-known complication after cardiac surgery, occurring in 2% to 3% of patients undergoing CPB, and the resulting mortality has been reported to be 15% to 50%. 2 In light of such findings, ways to ameliorate acute lung injury after CPB are being investigated actively. 3, 4 Mesenchymal stem cells (MSCs) are multipotent stem cells present in bone marrow (BM), adipose tissue, and many other tissues that can differentiate into a variety of cells, including adipocytes, osteocytes, and chondrocytes. 5, 6 Several studies have reported that transplanted BM-MSCs reduce lung impairment in experimental lung injury models induced by endotoxin, 7 hemorrhage shock, 8 or mechanical ventilation. 9 It is reported that MSCs might attenuate the recruitment of polymorphonuclear neutrophils, which are regarded as one of the key innate immunologic and inflammatory cells, and the release of neutrophil elastase by suppressing the release of early-stage proinflammatory cytokines such as TNF-a and IL-6 in a rat ventilator-induced lung injury model. 10 Although BM-MSCs hold promising therapeutic potential for the treatment of CPB-associated lung injury, there are limitations for the application of autologous BM-MSCs in clinical situations. BM-procurement procedures in humans are invasive, including such techniques as BM puncture, 11 and may yield relatively low numbers of MSCs after processing. 12, 13 An alternative source of MSCs that would yield larger quantities of cells via a less-invasive method is desirable. With this in mind, we focused on fetal membrane (FM), a remnant after birth that normally is discarded after delivery. Several studies have reported that human FM contains multipotent cells similar to BM-MSCs, 14, 15 and this led us to believe that FM may be a good source of MSCs. It was reported previously that the allogeneic transplantation of FM-derived MSCs (FM-MSCs) induced therapeutic angiogenesis in a rat hind-limb ischemia model comparable with the effect induced by BM-MSCs. 16 Furthermore, it is reported that the allogeneic administration of FM-MSCs attenuated autoimmune myocarditis 17 and glomerulonephritis. 18 In an experimental autoimmune myocarditis model, it is demonstrated that the administration of FM-MSC suppressed T-helper 1/T-helper 17 immunity and macrophage infiltration in myocarditis tissue, which led to improved cardiac function. 19 In this study, we investigated whether the intravenous injection of allogeneic FM-MSCs attenuates systemic inflammation and acute lung injury induced by CPB and the mechanisms underlying this potential organ-protective effect.
METHODS Animals
Experimental protocols were approved by the Ethics Review Committee for Animal Experimentation of Kyoto University Graduate School of Medicine. All animals received humane care in compliance with the guidelines prescribed in the Principles of Laboratory Animal Care, formulated by the National Society for Medical Research, and the Guide for the Care and Use of Laboratory Animals, created by the Institute of Laboratory Animal Resources of the National Research Council and published by the National Academies Press (revised 2011).
Different strains of rats were used according to their major histocompatibility complex (MHC) antigen disparity: Lewis (MHC haplotype: RT-1l) and ACI (MHC haplotype: RT-1a) rats (Japan SLC, Hamamatsu, Japan).
Preparation of FM-MSCs
Rat FM-MSCs generously were gifted from National Cerebral and Cardiovascular Center, Suita, Japan. The isolation and expansion of rat FM-MSCs were performed as described previously. [16] [17] [18] [19] In brief, FM was obtained from pregnant ACI rats on day 15 after conception. Minced FM was digested with type II collagenase solution (300 U/mL; Worthington Biochemicals, Lakewood, NJ) for 1 hour at 37 C. After filtration and centrifugation, FM-derived cells were suspended in a-MEM (Invitrogen Corp, Carlsbad, Calif) supplemented with 10% fetal bovine serum (Invitrogen) and 1% penicillin/streptomycin (Invitrogen), and cultured in standard plastic dishes. The adherent MSC populations appeared by day 5 to 7, and these FM-MSCs were used for 5 to 7 passages.
Experimental Groups
Male Lewis rats were divided randomly into the following 3 experimental groups (n ¼ 7 per group): animals undergoing only cannulation (sham group); animals undergoing CPB and PBS injection (control group); and animals undergoing CPB and FM-MSC administration obtained from ACI rats (MSC group).
Surgical Preparation and CPB
Lewis rats were anesthetized with 3% isoflurane in air and intubated with a 16-gauge catheter as a tracheal tube. Mechanical ventilation was adjusted to maintain a PaCO 2 of 30 to 40 mm Hg, and general anesthesia was maintained with 1.5% to 2.0% isoflurane inhalation. The right femoral artery was cannulated with a 24-gauge catheter for arterial pressure monitoring and blood sampling. After an intra-arterial injection of 200 IU heparin, the left femoral artery was cannulated with a 24-gauge catheter for arterial inflow. A multiorifice 17-gauge cannula was advanced through the right jugular vein into the right atrium for venous drainage. The CPB circuit consisted of a venous reservoir, a roller pump, a heat exchanger, and a custom-designed membrane oxygenator.
The circuit was primed with 11.2 mL of solution consisting of lactated Ringer's solution (10.5 mL), sodium bicarbonate (0.5 mL), and heparin (0.2 mL). The rectal temperature of the rats was maintained within a range of 36 C to 37 C by placing them on an electrical heater throughout the procedure. In the MSC group, 0. CPB initiation intravenously. The control group received 0.2 mL of phosphate-buffered saline only. The flow rate was kept to 50 mL/kg/min (half flow) and maintained for 30 minutes. During CPB, mechanical ventilation was kept to minimum frequency of breathing (3-5/min) for avoiding atelectasis. One hour after CPB termination, blood samples were collected for assessment of systemic inflammatory response, and the lung were harvested for the examination of local inflammation and histology.
Enzyme-Linked Immunosorbent Assay
Serum protein concentrations of TNF-a, IL-6, IL-1b, and IL-10 were quantified by enzyme-linked immunosorbent assay according to the manufacturer's instructions (R&D Systems, Minneapolis, Minn).
Quantitative Real-Time Polymerase Chain Reaction (PCR)
Total RNA was isolated from the right upper lobe of the lung with an RNeasy Mini Kit (QIAGEN, Hilden, Germany) and reverse-transcribed with the use of Omniscript Reverse transcriptase (QIAGEN). Gene-specific primers for rat TNF-a (TaqMan, Tnf; Rn01525859_g1), IL-6 (TaqMan, Il6; Rn01410330_m1), IL-1b (TaqMan, Il1b; Rn00580432_m1), keratinocyte growth factor (KGF; TaqMan, Fgf7; Rn00573319_m1), transforming growth factor (TGF)-b (TaqMan, Tgfb; Rn00572010_m1), and glyceraldehyde-3-phosphate dehydrogene (TaqMan, Gapdh; Rn01775763_g1) were purchased from Applied Biosystems (Foster City, Calif). Quantitative realtime PCR was performed with Power SYBR Green PCR Master Mix (Applied Biosystems) and the StepOne Plus system (Applied Biosystems) with the indicated primers. The expression of each mRNA was normalized to that of glyceraldehyde-3-phosphate dehydrogene.
Histological Assessments
Lung samples were fixed with 10% formalin and embedded in paraffin, and 4-mm sections were stained with hematoxylin and eosin. A digital microscope and analyzing software (Biorevo BZ 9000; Keyence, Osaka, Japan) was used to automatically measure the alveolar and interstitial area, and alveolar airspace ratio was calculated to evaluate the structural integrity of alveolar tissue.
Lung sections also were stained with polyclonal rabbit anti-human myeloperoxidase antibody (Dako, Glostrup, Denmark) to count the number of infiltrated interstitial neutrophils. All images were photographed and analyzed with a digital microscope and analyzing software (Biorevo BZ 9000; Keyence). In all histologic assessments, 20 fields per section were selected randomly and examined by an experienced pathologist (F. Kataoka) blinded to treatment.
Semiquantitative Histologic Grading Criteria for Lung Injury Score
The histologic findings were evaluated by the use of the modified semiquantitative scores reported by Su and colleagues. 20 Briefly, lung injury was evaluated using the sum of the scores for the following 5 factors: interstitial edema, hemorrhage, neutrophil infiltration, atelectasis, and necrosis. Each score of microscopic injury was determined according to the following scoring criteria: 0, normal; 1, minimal (<25%); 2, mild (25%-50%); 3, moderate (50%-75%); and 4, severe (>75%). Greater sum scores indicated more severe lung injury.
Statistical Analysis
All data are expressed as mean AE standard deviation. Statistical analysis was performed with SPSS for Windows v21 (IBM Corp, Armonk, NY). Comparisons between 2 parameters were analyzed with the unpaired Student t test. Comparisons of parameters among the 3 groups were made by one-way analysis of variance followed by the Tukey test. A value of P <.05 was considered statistically significant.
RESULTS

Physiological Data Throughout CPB
All rats survived for at least 1 hour after the CPB procedure. Physiological parameters during surgery are shown in Table 1 . Throughout the CPB experiment, there were no significant differences between the groups in mean arterial pressure; however, partial oxygen pressure was highly elevated in both the control group and the MSC group after initiation of CPB, indicating successful induction of CPB with stable hemodynamics in both groups. The hematocrit in the control group and the MSC group decreased during CPB and post-CPB compared with the sham group, indicating hemodilution after CPB (P<.01 each). 
FM-MSCs Mitigated Exacerbation of Inflammatory
Cytokine Levels After CPB One hour after CPB termination, serum concentrations of inflammatory cytokines such as TNF-a, IL-6, and IL-1b were significantly elevated in the control group compared with the sham group (sham group vs control group; TNF-a: 3.03 AE 0.45 vs 7.68 AE 3.52 ng/mL, P ¼ .003; IL-6: 9.30 AE 3.62 vs 17.07 AE 3.04 ng/mL, P ¼ .006; IL-1b: 58.1 AE 23.1 vs 83.5 AE 11.8 pg/mL, P ¼ .03; Figure 1 , A-C). In MSC group, the concentrations of TNF-a and IL-6 were significantly lower (MSC group; TNF-a: 3.18 AE 1.41 ng/mL, P ¼ .003; IL-6: 10.30 AE 5.22 ng/mL, P < .01; vs control group) and IL-1b concentration was tend to be lower (MSC group; 62.3 AE 11.6 pg/m, P ¼ .06 vs control group) than those in the control group (not significant). These concentrations were similar to those observed in the sham group (Figure 1, A-C) . Concentration of IL-10, a cytokine known to suppress inflammatory reactions, showed a tendency toward increase in the MSC group compared with the Next, we examined local expression levels of inflammatory cytokines in the lung. Quantitative real-time PCR revealed that the expression levels of TNF-a, IL-6, and IL-1b in the lung were significantly lower in the MSC group compared with the control group (TNF-a: 0.53 AE 0.19-fold vs the control group, P ¼ .048; IL-6: 0.39 AE 0.15-fold vs the control group, P ¼ .03; IL-1b: 0.61 AE 0.20-fold vs the control group, P ¼ .02; Figure 2 , A-C).
FM-MSCs Attenuated Pathologic Changes in the Lung After CPB
Microscopic findings in the lungs of the control group showed severe inflammatory changes induced by CPB, including alveolar structural destruction, interstitial edema, and infiltration of neutrophils ( Figure 3, A and B) . Neutrophil infiltration to the interstitial space of the lung was significantly lower in the MSC group compared with the control group (sham group vs control group vs MSC group; 23.2 AE 7.8 vs 40.3 AE 5.3 vs 28.3 AE 4.9 cells, P ¼ .03 in the control vs MSC; Figure 3, B) . According to semiquantitative grading, 20, 21 the lung injury score was significantly lower in MSC group compared with those in the control group (control group vs MSC group; 6.9 AE 1.6 vs 4.7 AE 0.8, P ¼ .02; Figure 3, C) . As shown in Figure 3 , C, alveolar airspace ratio in the MSC group was significantly greater than in the control group (control group vs MSC group; 43.2 AE 3.3% vs 55.1 AE 3.6%, P ¼ .004) (Figure 3, D) .
FM-MSCs Accelerated Local Production of Protective Factors Against Alveolar Damage
In the MSC group, the expression of KGF and TGF-b1 in the lung, which are known as protective factors against alveolar damage, was remarkably greater compared with the control group (KGF: 1.22 AE 0.16-fold vs the control group, P ¼ .03; TGF-b1: 1.31 AE 0.25-fold vs the control group, P ¼ .045; Figure 4) .
DISCUSSION
In the present study, we interpreted the results of the present study as intravenous administration of allogeneic FM-MSCs attenuated systemic inflammation and lung injury after CPB in a rat model. In our experimental model, administrated FM-MSCs did the following: (1) suppressed the production of proinflammatory cytokines, (2) alleviated acute lung injury, (3) inhibited neutrophil infiltration to interstitial spaces of the lung, and (4) protected alveolar structure by stimulating secretion of organ-protective humoral factors.
In the clinical setting of cardiac surgery, prolonged CPB can induce acute lung injury or acute respiratory distress syndrome by various mechanisms such as inflammatory responses, lung ischemia, atelectasis, blood transfusion. 3 Even though we could not conduct hypothermic CPB in the present study, the level of increases in inflammatory cytokines in the present study was almost comparable with those reported in other inflammatory conditions such as sepsis, 22, 23 indicating that we could induce severe inflammatory status associated with clinical prolonged CPB. In recent decades, the basic mechanisms underlying CPB-induced inflammation and organ dysfunction largely have been elucidated. 24, 25 Especially, it is crucial to investigate CPB-related lung complications in patients with severe chronic obstructive pulmonary disease, and we may apply our current system to chronic obstructive pulmonary disease or emphysema models in the future. Several pharmaceutical strategies to attenuate the inflammatory cascade involved in CPB-induced lung injury have been studied, FIGURE 2. Inflammatory cytokine levels in the lung after CPB. qRT-PCR, n ¼ 4 to 7. A, TNF-a; B, IL-6; C, IL-1b. *P <.05. TNF-a, Tumor necrosis factor-a; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; N.S., not significant; MSC, mesenchymal stem cells; IL-6, interleukin-6; IL-1b, interleukin-1b.
such as corticosteroids, statins, and angiotensin-converting enzyme inhibitors, but the mechanisms by which these drugs reduce postoperative complications remain unclear. 26 MSCs are considered an attractive cell source for regenerative medicine because of their excellent capacity for proliferation and differentiation. [27] [28] [29] A considerable number of clinical trials using MSCs have been conducted targeting various disorders, including acute myocardial infarction, 30 ischemic heart failure, 31,32 graft versus host disease, 33 inflammatory bowel disease, 34 and respiratory disease. 35 Several studies that have used experimental animal models of lung injury induced by lipopolysaccharides, 7 bleomycin, 36 artificial ventilation, 9 and hemorrhage shock 8 generally have demonstrated that MSCs attenuate the production of inflammatory cytokines and reduce edema and neutrophil recruitment. To date, most MSC-related clinical studies have used cells originating from BM; however, BM aspiration has several limitations, including invasiveness, relatively small acquired cell numbers, and donorsite morbidity.
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It was reported previously that MSCs from FM tissue possess great advantages due to their abundance and easy accessibility. 19 It also was reported that intravenous administration of FM-MSCs ameliorated cardiac dysfunction in a rat autoimmune myocarditis model 17 and renal function in a rat glomerulonephritis model. 18 In the present study, we showed that allogeneic administration of FM-MSCs reduced the production of inflammatory cytokines, preserved alveolar structure, and attenuated pulmonary neutrophil infiltration in rat lungs following CPB. To the best of our knowledge, this is the first study to demonstrate that the administration of FM-MSCs protects against CPB-induced lung complications.
Considering broader application of this approach, we conducted an allogeneic treatment using different strain between host and graft, which resulted in effective attenuation of lung injury, indicating immunomodulation of FM-MSCs. A previous report in which the authors used a heart transplantation mouse model with intravenous injection of MSCs showed no difference between the syngeneic and allogenic origin of MSCs in the amount of engraftment and organ distribution of cells. 37 This report and our present study may indicate that the difference in MSC origin (syngeneic or allogeneic) may not so much affect the host's immune system; however, we should conduct a longer-term experiment to exactly show the immunologic compatibility, and it also should be validated in clinical studies in the future.
The mechanisms that underlie the protective effects of MSCs in the lungs are thought to be multifactorial. Two groups have reported that the protective effects can be attributed to paracrine effects mediated by humoral factors. 38, 39 Another study indicated that MSCs may reduce lung injury and promote tissue repair through interaction with injured alveolar epithelial or lung endothelial cells or by modulating the response of inflammatory cells (neutrophils, macrophages and lymphocytes) and by releasing cytoprotective and tissuereparative factors such as KGF and TGF-b. 35 Li and colleagues 40 reported that BM-MSC administration enhanced recovery after rat lipopolysaccharide-induced acute lung injury and speculated that this might be due to secretion of KGF, which promotes the alveolar fluid clearance of alveolar type-II cells. Just and colleagues 41 reported that KGF reduced the expression of intercellular adhesion molecule-1 and vascular cell adhesion molecule-1 in bronchial epithelial cells, which would attenuate neutrophil infiltration into interstitial spaces during the lung inflammatory reaction. In the present study, administration of FM-MSCs remarkably decreased the expression of KGF and TGB-b in the rat lung. This finding indicates that FM-MSCs might stimulate the secretion of cytoprotective factors in the lung, which can protect alveolar epithelial cells and lung endothelial cells after CPB. It should be further investigated that intravenous or intratracheal administration of MSCs may affect to the efficiency of lung repair.
Limitations
First, we only provided data on serum concentrations 1 hour after termination of CPB. According to our preliminary studies, serum concentrations of pro-and anti-inflammatory cytokines at 24 hours after CPB termination had returned to pre-CPB baselines (data not shown). On the basis of these preliminary results, we speculated that the peak of systemic inflammation due to CPB in our rat CPB model would be much less than 24 hours after termination of CPB and set the sample point at 1 hour after CPB termination; however, performing serial measurements of cytokine expressions is required to conclude that the cytokine increase was attributed to FM-MSC administration. It is our future work.
Second, our data did not exclude any potential contribution of other mediators induced by FM-MSCs that contributed to lung repair or protection. Furthermore, we did not compare the results yielded by FM-MSCs to the effects yielded by MSCs derived from BM or adipose tissue. These points should be investigated in the future. The MSCs used were characterized with several cell-specific markers, as previously reported 16, 17 ; however, we have not checked the marker expression of FM-MSCs used just before infusion. Although the cellular population must not be changed before and after thawing because we just thawed and used them immediately, we cannot completely certify that there was no change of the characteristics of the FM-MSCs.
CONCLUSIONS
In conclusion, interpreting our results in the present study, we successfully showed that intravenous administration of allogeneic FM-MSCs attenuated systemic inflammation and lung injury following CPB in a rat model. This effect appears to be due to suppression of proinflammatory cytokines and protection of alveolar structures through secretion of cytoprotective factors. Although further studies are needed to apply these results to clinical treatment, allogeneic FM-MSC therapy may be an innovative approach for the prevention of severe pulmonary complications after CPB.
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